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Edited by Ulf-Ingo Flu¨ggeAbstract Isoprene synthase cDNA from Populus alba (PaIspS)
was isolated by RT-PCR. This PaIspS mRNA, which was pre-
dominantly observed in the leaves, was strongly induced by heat
stress and continuous light irradiation, and was substantially de-
creased in the dark, suggesting that isoprene emission was regu-
lated at the transcriptional level. The subcellular localization of
PaIspS protein with green ﬂuorescent protein fusion was shown
to be in plastids. PaIspS expressed in Escherichia coli was char-
acterized enzymatically: it had an optimum pH of approximately
8.0, and an optimum temperature 40 C. Its preference for diva-
lent cations for its activity was also studied.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Isoprene is a volatile C5 terpenoid that is released mainly
from the leaves of many deciduous broad-leaved trees, such
as Salix, Quercus, and Populus species [1,2]. The annual global
emission of isoprene from these trees is estimated to be as high
as 5 · 1014 g of carbon, which is similar to the level of methane,
the most abundant naturally emitted hydrocarbon [3]. Iso-
prene has been suggested to potentially provide general protec-
tion against environmental stress, such as heat and water [4,5]
as well as to protect against singlet oxygen [6]. It has been dem-
onstrated that isoprene emission rates are correlated with pho-
tosynthetic photon ﬂux densities [5] and leaf development [7].
Recent studies have demonstrated that isoprene in plants is
biosynthesized by isoprene synthase from dimethylallyl
diphosphate (DMAPP) via methyl erythritol 1-phosphate
pathway (MEP pathway) [8]. In poplar, foliar isoprene emis-
sion appears to depend on isoprene synthase activity, since
its emission rate parallels enzyme activity according to temper-Abbreviations: DMAPP, dimethylallyl diphosphate; GFP, green ﬂuo-
rescent protein; GPP, geranyl diphosphate; IPP, isopentenyl diphos-
phate; MEP pathway, methyl erythritol 1-phosphate pathway; PCR,
polymerase chain reaction
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doi:10.1016/j.febslet.2005.03.066ature [7,9]. Despite the puriﬁcation of isoprene synthase pro-
teins from several plants, isolation of its gene has only been
reported from hybrid poplar (Populus alba · P. tremula) [10],
and P. tremuloides and Pueraria montana [11], and very little
is known about its physiological role in plants; e.g., even its
subcellular location has not yet been clariﬁed.
To obtain biochemical and molecular biological insights into
isoprene synthase, we cloned isoprene synthase cDNA from P.
alba (PaIspS) and studied gene expression in response to envi-
ronmental stress. Moreover, we examined the subcellular local-
ization of PaIspS and also characterized its enzymatic function
with a recombinant protein.2. Materials and methods
2.1. Plant material and growth conditions, reagents
Populus alba plants were grown on Linsmaier–Skoog agar medium
(1%, w/v) supplemented with 3% sucrose (pH 5.7), in a culture ﬂask
(900 ml). These axenic plants were kept in a growth chamber with a
16-h-light (120 lmol m2 s1)/8-h-dark cycle at 25 C, unless otherwise
stated. DMAPP, isopentenyl diphosphate (IPP) and geranyl diphos-
phate (GPP) were synthesized according to the method of Cornforth
and Popjak [12].
2.2. Isolation of isoprene synthase cDNA from P. alba (PaIspS)
Total RNA (2.5 lg) extracted from P. alba leaves using an RNeasy
Plant Mini Kit (Qiagen, Valencia, CA, USA) was reverse-transcribed
(RT) with SuperScript III RNase H reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). Polymerase chain reaction (PCR) was carried
out with KOD Plus DNA polymerase (TOYOBO, Osaka, JAPAN)
with RT product as a template. PCR primers were designed from
the hybrid poplar isoprene synthase (Fw-primer1, 5 0-ggggacaagtttgta-
caaaaaagcaggcttcatggcaactgaattattgtgcttgc-3 0 and Rv-primer1, 5 0-
ggggaccactttgtacaagaaagctgggtcttatctctcaaagggtagaataggctctg-3 0).
Underlined nucleotides are sequences representing attB sites for Gate-
way systems. The PCR product of 1.8 kb was subcloned into
pDONR221 (Invitrogen) using BP recombination to give
pDONR221-PaIspS containing full-length PaIspS (Accession No.
AB198180).2.3. Northern blot and RT-PCR analyses
In vitro cultures of P. alba were incubated in growth chambers under
various conditions as shown in Fig. 1. The axenic plants of P. alba
were sprayed with either methyl jasmonate (100 lM), methyl salicylate
(1 mM), or ethanol as a control, and then grown under illumination at
18 h/day for 24 h at 25 C. The total RNA was subjected to semi-quan-
titative RT-PCR with Go Taq DNA polymerase (Promega, WI, USA)
and the primer pair of Fw-primer1 and Rv-primer1. For normalization,
actin was used as an external standard (Fw-primer2, 5 0-cat-
tggtgctgagcgattccgttgc-3 0 and Rv-primer2, 5 0-ttttcatgctgcttggggcta-
gtgc-3 0). In northern analysis, total RNA (10 lg) were carried out
according to the standard procedure using full-length PaIspS cDNA
as a probe.blished by Elsevier B.V. All rights reserved.
Fig. 1. Expression analyses of PaIspS mRNA. Total RNA prepared from leaves, stems and roots were subjected to semi-quantitative RT-PCR.
Expression level of the PaIspS mRNA was normalized by the actin mRNA values. (A) Tissue-speciﬁc expression of PaIspS. (B) Light, continuous
light (170 lmol m2 s1) at 25 C for 24 h; dark, continuous dark at 25 C for 24 h; heat, continuous light (120 lmol m2 s1) at 40 C for 6 h; cold,
continuous light (120 lmol m2 s1) at 15 C for 6 h; Control, 16 h-light (120 lmol m2 s1)/8 h-dark at 25 C for 24 h. (C) Eﬀect of methyl salicylate
(MeSA, 1 mM) and methyl jasmonate (MeJA, 100 lM) on PaIspS expression. RNA was prepared 24 h after treatment; Control was treated with
ethanol instead of MeSA or MeJA. Statistically signiﬁcant diﬀerences of PaIspS expressions between the control and treated plants are shown by *
(P < 0.02). Experiments were done in triplicate.
K. Sasaki et al. / FEBS Letters 579 (2005) 2514–2518 25152.4. Construction and visualization of GFP fusion proteins
The nucleotide sequence for the putative transit peptide of PaIspS
was ampliﬁed by PCR using PaIspS cDNA as a template and two
primers (Fw-primer3, 5 0-gcggatccatggcaactgaattattgtgcttgc-3 0 and
Rv-primer3, 5 0-gcggatccgtctggcttctgtttctgtttctgtg-30). The underline
indicates the introduced BamHI restriction site for subcloning. The
PCR product was subcloned into psmRS-GFP (Accession No.
U70496) with a CaMV35S promoter, and sequenced. Ten micrograms
of the plasmid was precipitated onto 1.0 lm spherical gold beads (Bio-
Rad, CA, USA). Onion peels and 1-month-old tobacco leaves were
bombarded using a particle gun PDS-1000 (Bio-Rad) according to
the manufacturers instructions. After 24 h, GFP ﬂuorescence of onion
and tobacco cells was observed under a laser scanning confocal micro-
scope (Axiovert 100M; Zeiss, Germany) with a krypton–argon laser
and ﬁlter sets for ﬂuorescein.
2.5. Heterologous expression of PaIspS in E. coli and assay of enzymatic
activity
The sequence for the putative mature polypeptide of PaIspS was
ampliﬁed by PCR using speciﬁc primers that anneal at positions 112
and 1788 of the upper and lower strands of PaIspS cDNA, respectively
(Fw-primer4, 5 0-gcggatccatgtgttctgtaagcacagaaaacgtcagc-30 and Rv-
primer4, 5 0-ggcctcgagctctctctcaaagggtagaataggctctgtg-3 0). The under-
line indicates non-native BamHI and XhoI sites for subcloning,
respectively. A new translational start codon was added to the 5 0-
end of the truncated PaIspS. The PCR product was subcloned into
pET22b (Novagen, Darmstadt, Germany) and expressed in E. coli ori-
gami B (DE3) (Novagen) with 1 mM isopropyl b-D-thiogalactoside at
16 C for 5 h. The bacteria were sonicated in extraction buﬀer (50 mM
Tris–HCl, pH 8.0, containing 50 mM NaCl, 1 mM EDTA, and 1 mM
DTT), and the precipitate of centrifugation at 9200 · g was used for
enzyme assay in the reaction buﬀer (50 mM Tris–HCl, pH 7.5 and
1 mM DTT) according to the method described in the literature [9]
with slight modiﬁcations. Volatile compounds in the headspace of
the reaction mixture (12 ml) were trapped with solid-phase micro
extraction ﬁber (SPME; SPELCO, PA, USA) which was directly in-jected to GLC (GC-14B; Shimadzu, Kyoto, Japan) equipped with a
ﬂame ionization detector (injector, 250 C) and an InertCap 5 capillary
column (30 m · 0.53 mm, ﬁlm thickness 2 lm, GL Science, Tokyo,
Japan), with a temperature program of from 40 C (5 min hold) to
250 C at a rate of 30 C min1. The enzymatic reaction product was
identiﬁed by direct comparison with standard isoprene.2.6. Isoprene emission and enzyme assay of P. alba leaves
In vitro culture of P. alba (ca. 16 cm in height) was used for moni-
toring of the isoprene emission. Volatile compounds in the headspace
of the culture ﬂask (900 ml) were trapped with SPME ﬁber for 24 h at
40 C under the continuous light conditions, and the ﬁber was subse-
quently injected to GLC, as mentioned above. Preparation of cell-free
extraction and isoprene synthase assay were performed as described
previously [9] with slight modiﬁcations.3. Results
3.1. Cloning and sequence analyses of PaIspS cDNA
We have isolated a full-length cDNA encoding isoprene syn-
thase from P. alba (PaIspS) by RT-PCR using the primer pair
designed from the nucleotide sequence of hybrid poplar (P. al-
ba · P. tremula) isoprene synthase [10]. The isolated PaIspS
cDNA was 1788 bp, which encoded a polypeptide composed
of 595 amino acids, and it contained a putative transit peptide
for plastidal sorting at the N-terminus (37 amino acids) that
was predicted by ChloroP (http://www.cbs.dtu.dk/services/
ChloroP/). The deduced amino acid sequence of PaIspS pos-
sessed an aspartate-rich motif (DDxxD), which is a common
substrate-binding site of various terpenoid synthases [13].
2516 K. Sasaki et al. / FEBS Letters 579 (2005) 2514–2518Comparison of this polypeptide sequence among the hybrid
poplar, P. tremuloides and P. trichocarpa clones shared 98–
99% identity, whereas it showed only 50% identity with iso-
prene synthase from Pueraria montana.Fig. 2. Transient expression of the GFP fusion protein. The
recombinant plasmid was transformed into onion peels (A) and
tobacco leaves (B) by particle bombardment. These images were
obtained at 24 h after bombardment. All scale bars show 100 lm for
onion, 20 lm for tobacco.3.2. Expression analyses of PaIspS mRNA
Since isoprene was emitted from leaves, we attempted to
clarify whether or not the expression of isoprene synthase is
limited to leaves. Fig. 1A shows the organ-speciﬁc expression
of PaIspS as monitored by semi-quantitative RT-PCR, which
indicates that PaIspS was predominantly expressed in the
leaves.
Isoprene emission responds to light irradiation and heat
stress, which is controlled by isoprene synthase activity in vivo
[7]. To clarify whether or not it is regulated at the transcrip-
tional level, the response of PaIspS gene expression to environ-
mental stresses was investigated by semi-quantitative
RT-PCR. As shown in Fig. 1B, PaIspS expression was
strongly induced by heat stress (40 C) and continuous light
compared to the control (520%, 206%, respectively), when
the expression level was normalized by actin mRNA. In con-
trast, under cold stress (15 C) and in continuous dark, PaIspS
mRNA expression was decreased to 84% and 18% compared
to that in the control, respectively. These data strongly suggest
that the increase in enzymatic activity in response to light or
heat is regulated at the transcriptional level. The isoprene emis-
sion from P. alba in vitro culture (ca. 16 cm in height) was de-
tected at 670 nmol h1 l1 headspace, when it was treated with
heat under continuous light condition. The enzymatic activity
of isoprene synthase in the P. alba leaves was monitored to be
0.39 nmol min1 mg1 in this culture condition.
There are several reports that terpenoid synthase expres-
sion is upregulated by methyl jasmonate or methyl salicylate,
which mimics insect and pathogen attacks [14,15]. However,
these treatments did not have any apparent eﬀects on
PaIspS expression in P. alba (Fig. 1C), suggesting that iso-
prene production does not play a critical role in pathogen
attack. Northern blot analyses showed also nearly identical
data (data not shown).3.3. Localization of PaIspS
The N-terminal 37 amino acids of PaIspS protein were pre-
sumed to be a plastidal targeting signal, and this is consistent
with the notion that isoprene is biosynthesized by MEP path-
way, but no experimental proof has yet been demonstrated. In
monoterpene synthase, two repeated arginine residues are pre-
ceded by a plastidal targeting signal [16]. Indeed, the deduced
amino acid sequence of PaIspS also had two typical arginine
residues, and we predicted that the N-terminal sequence of
55 amino acids that preceded the arginine pair was a plastidal
targeting signal. To explore this prediction, a plasmid was con-
structed in which the PaIspS N-terminal 55 amino acids were
fused to GFP under the control of CaMV35S promoter and
introduced into onion peels and tobacco leaves by particle
bombardment. In transient expression, GFP ﬂuorescence was
localized in dotted organelles diﬀerent from mitochondria in
onion peel cells (Fig. 2A). In tobacco, GFP was localized in
chloroplasts of a guard cell and the green ﬂuorescence perfectly
matched the red autoﬂuorescence of chlorophyll (Fig. 2B),
indicating that the N-terminal sequence of PaIspS is a transit
peptide for plastidal sorting.3.4. Enzymatic characterization of PaIspS using recombinant
protein
To demonstrate the enzymatic function of PaIspS, a trun-
cated PaIspS without the putative transit peptide was sub-
cloned in pET22b vector and expressed in E. coli. The
recombinant PaIspS protein was detected at the expected
molecular mass of 62 kDa in SDS–PAGE (data not shown).
The crude enzyme was incubated with 10 mM DMAPP in
the presence of 20 mM MgCl2 at 40 C, pH 7.5 for 1 h, and
volatile compounds in the headspace of the reaction mixture
were trapped by SPME ﬁber, which was directly injected into
GLC. GLC analyses showed that the recombinant PaIspS only
produced isoprene from DMAPP, whereas that of the empty
vector control did not give isoprene, indicating that the iso-
lated PaIspS cDNA was isoprene synthase from P. alba.
Apparent Km value of the recombinant PaIspS for DMAPP
was determined as 8.7 mM, which coincided with that of P.
tremuloides [17].
Since isoprene synthase is strongly induced under heat stress,
its heat stability is an important property. Therefore, we char-
acterized its optimum temperature, and found that this value
was ca. 40 C (Fig. 3A). Subsequently, we also determined
the optimum pH of PaIspS within the range from pH 6.5 to
9.5. Fig. 3B shows that the highest activity was observed at
ca. pH 8.0.
It has been reported that isoprene synthase requires Mg2+ or
Mn2+ for its activity, like other terpenoid synthases [17], and
we examined the eﬀects that various other divalent cations
had on PaIspS activity (Fig. 3C). By considering the highest
activity with Mg2+ to be 100%, activities of 34%, 23%, 3%,
2%, and 2% were detected in the presence of Mn2+, Co2+,
Zn2+, Fe2+, and Ni2+, respectively. Neither Cu2+ nor Ca2+
gave any detectable activity of PaIspS. We also tested the sub-
strate speciﬁcity, but DMAPP was the sole substrate and no
enzymatic reaction product was detected by GLC analysis
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Fig. 3. Enzymatic characterization of PaIspS utilizing recombinant
protein. (A) Temperature proﬁle of PaIspS activity. (B) pH-depen-
dence of PaIspS activity. The buﬀers were Tris–HCl (circle; pH 6.4–
8.4), CHES (square; pH 8.2–9.7). (C) Eﬀect of divalent cations on the
activity of PaIspS. All divalent cations were used at 20 mM in the
reaction mixture. PaIspS activity was measured with DMAPP as
the substrate as described in Section 2. Experiments were done in
duplicate.
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PaIspS demonstrated in this study were very similar to those
of native isoprene synthases from P. tremuloides and Quercus
robur [9,17].4. Discussion
In this study, we cloned a full-length cDNA that encoded
isoprene synthase of P. alba and performed functional analy-
ses. Heterologous expression in E. coli showed that the gene
product exhibited enzyme activity to form isoprene, and had
exclusive substrate and product speciﬁcities for the C5 sub-
strate DMAPP and isoprene, respectively. This study also pro-
vides the ﬁrst experimental proof that PaIspS mRNA is
predominantly expressed in leaves and PaIspS protein is local-
ized in the plastid. This suggests that its enzyme activity may
be positively regulated under illumination in plastids because
photosynthetic electron transport results in the accumulation
of Mg2+ in the stroma, along with an increase in stromal
pH. In addition to the transcriptional activation of PaIspS
by light, this is advantageous for the production of isoprene
under strong light conditions.Temperature also aﬀects isoprene emission in vivo. The
highest isoprene emission occurred between 30 and 40 C
[18]. This observation is consistent with the optimum temper-
ature of PaIspS determined in this study. Expression analyses
showed that PaIspS mRNA was also strongly induced by heat
stress and continuous light compared with the control, whereas
this expression dramatically decreased in the dark. These re-
sults suggest that isoprene emission under these physiological
stresses was mainly regulated at the transcriptional level of iso-
prene synthase.
Treatment with methyl jasmonate or methyl salicylate did
not inﬂuence PaIspS expression. This is in clear contrast to
the results with pathogen-inducible terpenoid synthases such
as epi-aristolochene synthase [19] and indicates that isoprene
emission does not play an important role as a defense reaction
against insect and pathogen attack in poplar.
Isoprene is a very reactive hydrocarbon and is thought to
rapidly react with hydroxy radicals in the atmosphere, which
prolongs the lifetime of methane, resulting in the enhancement
of a greenhouse eﬀect in the atmosphere. PaIspS cDNA may
be used as a molecular tool to suppress isoprene emission in
high-emitting trees. Studies on these transgenic plants should
also provide further detailed clues concerning the physiological
functions of isoprene emission by trees.
Acknowledgments:We thank Dr. Atsuhiro Oka, Dr. Takashi Aoyama,
and Dr. Tomohiko Tsuge of Kyoto University for technical assistance
with operating the particle gun. We also thank Dr. Takao Ito of Kyoto
University for operating the confocal microscope. This work was sup-
ported in part by a Grant-in-Aid for Scientiﬁc Research (No. 10680565
to K. Y.) and by a Grant from the Research for the Future Program
(No. 00L01605 to K. Y.) of the Ministry of Education, Culture,
Sports, Science and Technology of Japan. We also thank the Sumi-
tomo Foundation for an additional grant in support of this study.References
[1] Kesselmeir, J. and Staudt, M. (1999) Biogenic volatile organic
compounds (VOC): an overview on emission, physiology and
ecology. J. Atmos. Chem. 33, 23–88.
[2] Sharkey, T.D. and Yeh, S.S. (2001) Isoprene emission from
plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 407–436.
[3] Guenther, A.B., Hewitt, C.N., Erickson, D., Fall, R., Geron, C.,
Graedel, T., Harley, P., Klinger, L., Lerdau, M., Mckay, W.A.,
Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J.
and Zimmerman, P. (1995) A global model of natural volatile
organic compound emissions. J. Geophys. Res. 100, 8873–8892.
[4] Sharkey, T.D. and Singsaas, E.L. (1995) Why plants emit
isoprene. Nature 374, 769.
[5] Sharkey, T.D. and Loreto, F. (1993) Water stress, temperature,
and light eﬀects on the capacity for isoprene emission and
photosynthesis of kudzu leaves. Oecologia 95, 328–333.
[6] Aﬀek, H.P. and Yakir, D. (2002) Protection by isoprene against
singlet oxygen in leaves. Plant Physiol. 129, 269–277.
[7] Kuzma, J. and Fall, R. (1993) Leaf isoprene emission rate is
dependent on leaf development and the level of isoprene synthase.
Plant Physiol. 101, 435–440.
[8] Schwender, J., Zeidler, J., Gro¨ner, R., Mu¨ller, C., Focke, M.,
Braun, S., Lichtenthaler, F.W. and Lichtenthaler, H.K. (1997)
Incorporation of 1-deoxy-D-xylulose into isoprene and phytol by
higher plants and algae. FEBS Lett. 414, 129–134.
[9] Lehning, A., Zimmer, I., Steinbrecher, R., Bru¨ggemann, N. and
Schnitzler, J.P. (1999) Isoprene synthase activity and its relation
to isoprene emission in Quercus robur L. leaves. Plant Cell
Environ. 22, 495–504.
[10] Miller, B., Oschinski, C. and Zimmer, W. (2001) First isolation of
an isoprene synthase gene from poplar and successful expression
of the gene in Escherichia coli. Planta 213, 483–487.
2518 K. Sasaki et al. / FEBS Letters 579 (2005) 2514–2518[11] Sharkey, T.D., Yeh, S., Wiberley, A.E., Falbel, T.G., Gong, D.
and Fernandez, D.E. (2005) Evolution of the isoprene biosyn-
thetic pathway in Kudzu. Plant Physiol. 137, 700–712.
[12] Cornforth, R.H. and Popjak, G. (1969) Chemical synthesis of
substrates of sterol biosynthesis. Methods enzymol. 15, 359–390.
[13] Bohlmann, J., Meyer-Gauen, G. and Croteau, R. (1998) Plant
terpenoid synthases: molecular biology and phylogenetic analysis.
Proc. Natl. Acad. Sci. USA 95, 4126–4133.
[14] Martin, D., Tholl, D., Gershenzon, J. and Bohlmann, J. (2002)
Methyl Jasmonate induces traumatic resin ducts, terpenoid resin
biosynthesis, and terpenoid accumulation in developing xylem of
norway spruce stems. Plant Physiol. 129, 1003–1018.
[15] Martin, D.M., Gershenzon, J. and Bohlmann, J. (2003) Induction
of volatile terpene biosynthesis and diurnal emission by methyl
jasmonate in foliage of norway spruce. Plant Physiol. 132, 1586–
1599.[16] Wise, M.L., Savage, T.J., Katahira, E. and Croteau, R. (1998)
Monoterpene synthases from common sage (Salvia oﬃcinalis). J.
Biol. Chem. 273, 14891–14899.
[17] Silver, G.M. and Fall, R. (1995) Characterization of aspen
isoprene synthase, an enzyme responsible for leaf isoprene
emission to the atmosphere. J. Biol. Chem. 270, 13010–
13016.
[18] Sharkey, T.D., Singsaas, E.L., Vanderveer, P.J. and Geron,
C. (1996) Field measurements of isoprene emission from trees
in response to temperature and light. Tree Physiol. 16, 649–
654.
[19] Mandujano-Chavez, A., Schoenbeck, M.A., Ralston, L.F., Loz-
oya-Gloria, E. and Chappell, J. (2000) Diﬀerential induction of
sesquiterpene metabolism in tobacco cell suspension cultures by
methyl jasmonate and fungal elicitor. Arch. Biochem. Biophys.
381, 285–294.
